Novel amorphous oxide semiconductor thin film transistors (AOS-TFTs) have already stepped up as an alternative solution for application in mass-produced active matrix organic light-emitting diodes, as well as flexible and transparent electronics. However, the factors related to the device properties (mobility (µ sat ) and stability ( V th )) are still unclear. Since most factors are strongly related to oxygen elements, the versatile thermo-pressure-induced process (TPP) has been applied to improve novel TaInZnO TFT performances with regard to mobility and stability by controlling the oxygen pressure, resulting in the optimum values (improving µ sat by 50% and V th by 30%). It is found that the TPP may suppress the occupied trap states as well as increase the unoccupied trapping states in tantalum indium zinc oxide subgap states, depending on the oxygen pressure in TPP. In addition, the origin of the improvement is unveiled with x-ray photoemission and x-ray adsorption spectroscopy (XAS). The TPP in AOS-TFTs can effectively improve and be used to manipulate device properties such as mobility and stability easily. X-ray photoelectron spectroscopy and XAS as a defect state analyser may also provide understanding of the origins of device instability as well as evolutionary electrical improvement in AOS-TFTs.
Introduction
Very recently, amorphous oxide semiconductor thin film transistors (AOS-TFTs) have come close to being excellent candidates as switching and driving elements for large-area (>70 inch liquid crystal display (LCD) panel and >55 inch 5 Authors to whom any correspondence should be addressed. 6 Present address: Dongguk University, Seoul 100-715, Korea. active matrix organic light-emitting diode (AMOLED) panel), ultra-definition (UD, 4000 × 2000), and fast-frame-rate (>240 Hz) applications, because oxide semiconductor materials have significant advantages compared to conventional semiconductor processes and exhibit reasonable electrical performances (>10 cm 2 V −1 s −1 ) even in amorphous phases [1] [2] [3] . However, as the oxide TFTs have been developed, many industries have required higher mobility and better device stability for practical mass production. There have been many efforts to develop novel oxide semiconductor materials using combinatorial materials designs [4] [5] [6] [7] . Device structures with multiple active channels have also been suggested to achieve highmobility TFTs [8, 9] . Unfortunately, the bias-stress-induced device instabilities are still critical issues in launching commercial oxide semiconductor TFT products. To improve and understand the deterioration of the bias-induced device instabilities, several studies have been performed with oxide semiconductors [4] [5] [6] , gate insulators and passivations [11] [12] [13] [14] [15] [16] [17] .
Many studies have suggested the charge trap issue in electrical performance, which causes bias-induced device instability [18] [19] [20] [21] [22] . Although the origin of charge traps is still unclear, oxygen-related defects have been strongly investigated as charge trap candidates, such as: the charge trapping of photo-induced hole carriers, the creation of weak bond oxygen defects and ionized oxygen vacancy defects [23] [24] [25] [26] . To suppress such oxygen-related defects, a few groups have reported the effects of ozone treatment and oxygen annealing on oxide TFTs [27] [28] [29] . Improvement of device stability was exhibited through a reduction of oxygen vacancy defects in oxide semiconductors. However, there is still a lack of systematical investigations and direct experimental evidence to support any of these mechanisms.
In this work, tantalum indium zinc oxide (TIZO) as a novel AOS was adopted to fabricate TFTs, and bias temperature stress (BTS)-induced instability of TIZO TFTs was investigated under oxygen thermo-pressure-induced process (TPP). As the O 2 pressure increased from 1 to 50 atm (fixed at the annealing temperature (300
• C)), the TIZO TFT performances showed interesting behaviour, exhibiting optimal positive BTS stability and mobility at 10 atm oxygen TPP. Both x-ray photoelectron spectroscopy (XPS) and xray adsorption spectroscopy (XAS) spectra unveiled the origins of the improvement, suggesting that oxygen vacancyrelated defects in electronic structures were explained with occupied and unoccupied electron trap states depending on the oxygen TPP.
Experimental section
Amorphous TIZO TFTs have bottom gate and top contact configurations.
Amorphous TIZO films as a channel layer were deposited on SiO 2 (100 nm)/silicon (heavily doped) substrates by radio frequency (RF) sputtering. The composition of the TIZO target was 3 at% Ta-doped InZnO (1 : 1) matrix. The RF power and working pressure were 75 W and 1 mTorr, respectively. The relative oxygen flow rate ([O 2 ]/[Ar+O 2 ]) was 0.05. The TIZO layer thickness was about 50 nm, and patterned using a fine metal mask (FMM). Then, 100 nm thick indium-tin-oxide (ITO, 9 : 1) as source/drain (S/D) electrodes was sputtered onto the TIZO layer, which was patterned by FMM (with a channel width of 1000 µm and a length of 150 µm). Then, TIZO TFTs were annealed using a TPP system under O 2 atmosphere (from 1 to 50 atm) and 300
• C for 1 h The TPP sequence is the following. (1) Pumping the TPP system (∼ 10 −3 Torr) after loading the samples in the chamber. (2) Starting heating up after pressuring up with a pure oxygen gas (99.999%). The annealed TIZO film compositions were investigated by Rutherford backscattering (RBS) analysis. The microstructure of the annealed TIZO films was observed by conventional θ -2θ x-ray diffraction (XRD) measurement and high-resolution transmission electron microscopy (HRTEM, JEM-3010). In order to examine the electronic structure in the conduction band, x-ray absorption (XAS) was measured using coherent x-ray beams. XAS experiments were performed using total electron yield (TEY) mode, at the soft x-ray beamline, BL-11 A Photon Factory, Institute of Material Science, of the High-Energy Accelerator Organization (KEK-PF) in Japan. The chemical binding states in the corelevel region were examined by XPS using a monochromatic Al Kα (1486.6 eV) source with a pass energy of 20 eV. The electrical characteristics were measured at room temperature in air using an HP4156C semiconductor parameter analyser. To characterize the effects of positive bias temperature stress (PBTS) on the transfer characteristics of the TIZO TFTs, the devices were stressed with V GS and V DS set to 20 V and 10 V at 60
• C (substrate temperature), respectively. The maximum stress duration was 10 800 s. The field-effect mobility (µ SAT ) and threshold voltage (V th ) in the saturation region (V DS = 10 V, figure 1 (inset)) were calculated by fitting a straight line to the plot of the square root of I DS versus V GS , according to the expression for a field-effect transistor [30] ,
Result and discussion
where W (1000 µm), L (150 µm) and C i are the channel width, length and the capacitance per unit area of the gate oxide, respectively. The subthreshold gate swing (SS) was extracted from the linear part of the log(I DS ) versus V GS plot.
As shown in figure 1(b) , the µ SAT and SS values have parabolic and inverse curvature shape with increasing oxygen pressure in TPP, respectively. As the oxygen pressure increased from 1 atm to 10 atm, the µ SAT and SS values in TIZO TFTs were significantly improved from 5.54
and 0.27 V/decade to 7.87 cm 2 V −1 s −1 and 0.14 V/decade, respectively. Then, the µ SAT and SS values deteriorated to 5.84 cm 2 V −1 s −1 and 0.24 V/decade at 50 atm oxygen TPP, showing the optimum condition for device parameters. This implies that the oxygen TPP correlates with certain oxygen related defects in the TIZO semiconductor and/or interface (TIZO/SiO 2 ) because of improving mobility and SS values [31, 32] . In addition, electrical properties (such Figure 2(a) shows the transfer curves of TIZO TFTs annealed at 10 atm as a function of the PBTS time. As the stress time passed, V th systematically shifted in the positive direction without any significant changes of mobility and SS values. Generally, this suggests that the electron trapping mechanism may be dominant in the instability of oxide TFTs. Interestingly, as shown in figure 2(b), it was found that the PBTS-induced device degradation depended greatly on the oxygen pressure in TPP. After PBTS was applied for 10 800 s the shift of V th is likely to parabolic behaviour (figure 2(b) inset) with increasing oxygen pressure, as in figure 1. The V th shift had the lowest value (2.14 V) at 10 atm oxygen TPP, while the shifts of V th were 3.47 V and 2.89 V at 1 atm and 50 atm oxygen TPP, respectively.
As already mentioned in figure 1, this behaviour might be strongly related to the charge trap densities inducing the changes of electrical performances and instabilities. Generally, the SS value of a given TFT device is related to the total trap density, including the bulk (N SS ) and semiconductorinsulator interfacial traps (D it ), according to [33] 
where q is the electron charge, k B is Boltzmann's constant, T is the absolute temperature and t ch is the channel layer thickness. 7.25 × 10 11 eV −1 cm −2 again for the 50 atm oxygen thermopressured device. Thus, the decrease in the trap density at 10 atm oxygen TPP is consistent with the behaviour of the electrical performance.
To investigate the effect of oxygen TPP in terms of physical properties, the compositions of amorphous a)-(c) ). Interestingly, after increasing to 50 atm, the selective area diffraction pattern (SADP) was diffuse in the centre as shown in figure 3(d) . This suggests that the crystalline structure had partly shown short-range ordering, but still kept an amorphous phase even under 50 atm oxygen TPP. Thus, in terms of composition and microstructure, there are no significant changes of TIZO films under TPP with various oxygen pressures, which could not be correlated to the PBTS and device performances.
Generally, the positive V th shift in the PBTS condition was attributed to: (i) electron trap into band tail state, (ii) electron trap in bulk deep trap, and (iii) electron trap in interface trap (gate insulator and passivation layer) [18, 20, 34] . In many previous reports, the device instability was strongly affected by ambient gases and gate dielectric materials by the positive bias-induced stress [35] [36] [37] . In addition, thermal annealing can mitigate the device stability, which was attributed to the reduction of electron traps [38, 39] . Mostly, oxygen-related defects to be responsible for the positive V th shift as the origins of electron traps [21, 22, 31] . This oxygen-related defect model has usually been explained as the electron charge trapping mechanism in oxide TFTs.
To confirm the validity of this mechanism, the chemical state of oxygen in the TIZO films was examined depending on different oxygen TPPs. Figure 4 shows the XPS spectra of the O 1s of 1, 10 and 50 atm oxygen TPPs. The O 1s peaks were split into three different peaks, indicating a metaloxygen lattice peak without oxygen deficiency (530.40 eV), a metal-oxygen lattice peak in oxygen deficiency (531.05 eV) and a metal-hydroxide peak (532.35 eV) [40] . Interestingly, although the intensity of the metal-hydroxide peak was almost unchanged, the other two peaks were changed considerably by increasing oxygen pressure in TPP. Firstly, the relative area of the lattice oxygen peak (530.40 eV) was gradually increased from 56.5% to 60.6%, but the relative area of the oxygen deficiency peak (531.05 eV) monotonically decreased from 38.7% to 33.9% as the oxygen pressure in TPP increased from 1 to 50 atm. This absolutely indicates that higher oxygen pressure in TPP strengthened the loose metal-oxide lattice bonding, and also reduced oxygen deficiencies in the metaloxide lattices such as oxygen vacancy (V o ) defects, related to the electron charge trapping model. Thus, it is plausible that PBTS stability may be improved by 10 atm oxygen TPP due to decreasing the V o defects in TIZO semiconductors. Unfortunately, it is hard to explain the behaviour of the electrical performances and stability by only using the decrease in the V o mechanism. This implies that there are other origins to correlate with different electron charge trap states, because the O 1s peak in XPS can only exhibit the oxygenrelated defects in the metal-oxide lattice structure, interpreted as occupied electron trap states (neutral oxygen vacancy (V o ) or/and weakly metal bonded oxygen (O 0 )) in oxide semiconductor [28] . Therefore, other evidence is necessary to explain the behaviour of electrical performance and instability.
In order to look for other origins of oxygen-related defects, the electronic structures of TIZO films were evaluated by XAS. Figure 5 (a) shows the normalized O K 1 edge spectra of TIZO film. Normalizations of XAS spectra were carefully performed by subtracting an x-ray beam background and subsequently scaling pre-and post-edge levels, which can be used to compare the qualitative changes of the conduction band [41] . Firstly, the O K 1 edge spectra of TIZO are directly related to the O p-projected states of the conduction band, which consists of unoccupied hybridized orbitals for Ta 5d6s, In 5sp, Zn 4sp and O 2p from 530 to 550 eV. The conduction band area is increased and the crystal field (C-F) splitting is enhanced with the increase of oxygen pressure up to 10 atm. Even though C-F splitting is remarkably progressed above 10 atm oxygen TPP, the conduction band area is decreased, which indicates the expansion or shrinkage of the unoccupied states [42] . In addition, Jahn-Teller (J-T) degeneracy removal by C-F splitting implies enhanced possibility of carrier transport through the separation of unoccupied states in the conduction band. Thus, it is quite reasonable that the TIZO TFT may have the highest mobility value at 10 atm oxygen TPP.
Secondly, another noteworthy finding is the changes of band edge states below the conduction band (∼528 eV), depending on the various oxygen pressures in TPP. In order to interpret the detailed evolution of band edge states below the conduction band, Gaussian fits were performed. Figure 5(b) represents the changes in the band edge states as a function of oxygen TPP, which is a narrow energy region below the conduction band. A small state in TIZO films of 1 and 10 atm oxygen TPP was identified at 528.9±0.1 eV (D1). On the other hand, in the TIZO film of 50 atm oxygen TPP, two distinct band edge states appeared at D1 (528.9 ± 0.1 eV) and D2 (527.9 ± 0.1 eV). The densities of defect states (D1 and D2) for 50 atm oxygen TPP were much larger than those for 1 and 10 atm oxygen TPP. This implies that the increase in defect states in the band edge might be related to the generation of defects related to oxygen vacancies, which could functionalize with the formation of defect states and the creation of excess electrons [43] . Moreover, these defect states can be interpreted as unoccupied electron trapping states because the XAS can o in TIZO subgap states, indicated as D1 and D2 states. Interestingly, the Gaussian fitted D1 and D2 energy states were distributed at ∼0.5 eV and ∼1.5 eV below the conduction band maximum (CBM, ∼289.4 eV), respectively. The total densities of D1and D2 states increased gradually as the oxygen pressure increased in TPP, showing that the D2 state appeared in 50 atm oxygen TPP. Therefore, these significant changes of defect states in XAS could explain the degradation of electrical performance and instability above 10 atm oxygen TPP.
However, it is still questionable why and where the D1 and D2 states appeared and were assigned by high oxygen pressure. Figures 6(a) and (b) depict the schematic subgap trap states model in TIZO (optical bandgap ∼3.4 eV) depending on different oxygen pressure TPPs. Firstly, the overall improvement in the device stability may have been a result of strengthened atomic bonding (a reduction in the loosely bound oxygen content) after annealing, because most V o defects have deep donor levels, which are induced by inward relaxations of the neighbouring metal atoms [28, 44] . In a firstprinciple calculation of amorphous indium-gallium-zincoxide (a-IGZO), the average defect level has been positioned at 2.3 eV below the CBM for neutral V o defects (occupied trap state) with metal-metal bonds [43, 44] . Also, the local density approximation (LDA) has shown that an oxygen defect works as an electron trap as well as a shallow donor depending on its local structure [32] . As shown in figure 6(a) , the subgap trap state model in TIZO was depicted with deep and shallow trap levels. As the oxygen pressure in TPP increased to 50 atm, the occupied trap states such as neutral V o gradually decreased due to strengthening of the loose oxygen-atom-related bonding in TIZO films, which is strongly correlated with the decreasing metal-oxygen lattice peak in oxygen deficiency in the XPS results.
High oxygen pressure in TPP (above 10 atm) may play an important role in suppressing the occupied electron trap states as well as in activating the unoccupied electron trapping states in subgap trap states, depending on the thermo-pressureinduced energy (simultaneously applied with temperature (300
• C) and pressure (1-50 atm)). Considering the ideal gas equation,
where P , V and T are applied oxygen pressure, annealed volume and annealed temperature, respectively. The values k and R are the Boltzmann and gas constants, respectively. Calculating the applied energy (eV) of TPP by using the above equation, the energies with 1 and 50 atm oxygen TPPs (300
• C) are about 0.05 eV and 2.50 eV, respectively. Remarkably, the energy by 50 atm oxygen TPP is almost 50 times higher than that by 1 atm oxygen TPP. In the case of 50 atm oxygen TPP, outward relaxations of the neighbouring metal atoms would take place due to the high thermo-pressureinduced energy, resulting in the spontaneous ionization of V o [44] , with the ionized electrons (V On the other hand, the abrupt increase of the D2 state in terms of film crystallinity could also be considered. The SADP in 50 atm oxygen TPP ( figure 3(d) ) clearly exhibited a diffuse ring pattern despite an amorphous phase, implying that the short-range ordering of metal-oxygen lattices was considerably enhanced. Although it is very hard to see the grain boundary in TIZO films, the enhanced ordering may make a large vacancy space between short-range-ordered metaloxygen lattices. In a previous result, optical absorption spectra and first-principle calculations for amorphous semiconductor showed a convolution of the conduction band tail (0.6 eV) and the valence band tail (2.0 eV) as an electron trap, but the origins of defect states were still unclear [32] .
Conclusion
In summary, the electrical properties of TIZO TFT have been investigated for the oxygen thermo-pressure process, including device mobility and BTS-induced instability. Interestingly, all electrical properties exhibited optimum values (high mobility and best stability) at the oxygen TPP, applied simultaneously with 10 atm and 300
• C. When the oxygen pressure in TPP increased by 10 atm, neutral V o defects were gradually decreased with occupied electron trap states, which is strongly related to improvement in device mobility and stability. Over the optimum conditions (10 atm and 300
• C), the electrical performances deteriorated again in spite of decreasing occupied electron trap states in XPS analysis. This controversy can be explained with the creation of the spontaneous ionization of V o as unoccupied electron trap states in XAS analysis, resulting from changing metal-oxygen lattice relaxation and/or microstructure by the high thermo-pressureinduced energy. Thus, the behaviour of TIZO electrical properties may be consistent with the changes of subgap trap states, depending on various oxygen TPPs. The XPS and XAS analysis may suggest a strong method to interpret origins of device instability as well as evolutionary electrical performances in oxide TFTs. In addition, the versatile TPP in oxide TFTs can be used to effectively manipulate and/or improve the device mobility and stability as a useful process tool, controlling the oxygen-vacancy-related defects easily.
